Abstract: Three new compounds of zinc(II) and cadmium(II) with the ligand 4,4′-dimethoxy-2,2′-bipyridine (4,4′-dmo-2,2′-bpy), including cis- [Zn(4, C NMR spectroscopy, and X-ray crystallography. Single-crystal structure analyses of the isostructural complexes 1 and 2 showed distorted octahedral geometry for zinc(II) and cadmium(II) with ZnN 6 and CdN 6 environments. Complex 3 reveals a rare coordination polymer containing octahedrally coordinated cadmium(II) expanding to chains by two different bridging modes, including Cd-O-C-O-Cd and Cd-N-Cd.
Introduction
The crystal engineering of inorganic-organic hybrid coordination polymers is currently one of the most active fields in coordination, supramolecular, and materials chemistry. These compounds attract significant attention for their intriguing architectures and topologies and the diverse promising applications. The inorganic component is a source of useful magnetic or optical properties, mechanical hardness, and thermal stability, whereas the organic component may offer processability, structural diversity, and luminescent properties. The combination of the characteristics of the organic and inorganic components allows us to obtain novel materials with potential applications in catalysis, separation, sorption, luminescence, and biological chemistry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The common strategy for the synthesis of inorganicorganic hybrid compounds is based on the self-assembly of organic ligands and metal ions. To a large extent the final structure and topology of a complex is a result of the combination of various forces including strong and directional interactions (metal-ligand coordination bond) and much weaker interactions such as hydrogen bonds, π-π stacking, and C-H … X (X = O, N, or S) contacts. The coordination network assembly process can also be affected by counter anions, coexisting neutral ligands, temperature, pH, and solvents used for crystallization. In some instances, two or more complexes of different composition were obtained by manipulating the ligand-metal molar ratio. Therefore, rational control in the construction of polymeric networks remains a great challenge in crystal engineering, and much more work is required to extend our knowledge of cooperative interactions between metal atoms and organic ligand moieties [13] [14] [15] [16] [17] [18] .
Encouraged by previous investigations [19] , in this work we have selected 4,4′-dimethoxy-2,2′-bipyridine (4,4′-dmo-2,2′-bpy) as a chelating ligand and the versatile thiocyanato and azide anions to the synthesis of three new complexes, cis-[Zn (4,4′- C NMR) and structural properties of these structures were also investigated.
Result and discussions
The reaction of M(II) acetate (M = Cd and Zn) with 4,4′-dmo-2,2′-bpy, potassium thiocyanate, and sodium azide yielded crystalline materials with formulas cis-[Zn (4,4′- 
Spectroscopic studies
The IR spectra (Supplementary Information) displayed characteristic absorption bands for the chelating ligand, thiocyanate, azide, and acetate anions. The relatively weak absorption bands above 3000 cm −1 are due to the C-H modes of the aromatic ring. The C-H modes of the aliphatic hydrogen atoms of 4,4′-dmo-2,2′-bpy appeared below 3000 cm −1 . The absorption bands with variable intensity in the frequency range of 1400-1600 cm −1 correspond to aromatic ring vibrations of the 4,4′-dmo-2,2′-bpy ligand.
The most interesting part of the spectra of the complexes is the region above 2000 cm −1 , where the absorptions due to pseudohalides are observed [20, 21] . The presence of the thiocyanate groups in 1 and 2 affects their IR spectra in the three regions including 2000-2200 cm −1 for CN stretches, 700-900 cm −1 for CS stretches, and 400-500 cm −1 for SCN bending vibrations. These vibrations can be used to determine the coordination modes of thiocyanato ligands in its complexes [21] . In complex 1, the peak corresponding to ν(CN) is split into two peaks, indicating the existence of two non-equivalent coordinated thiocyanate groups and hence mutual cis coordination [20] . These peaks appear below 2100 cm −1 , which is typical for N-bonded thiocyanato (in S-bonded and bridging thiocyanato, ν(CN) appears above 2100 cm −1 [21] ). ν(CS) and δ(NCS) in complexes of 1 and 2 are observed at about 820 and 480 cm −1 , respectively, which are characteristic frequencies for N-bonded thiocyanato ligands [21] .
The presence of acetate in 3 is evidenced by two medium absorptions centered at approximately 1600 cm −1 for ν as (COO) and at 1445 cm −1 for ν s (COO). The difference between ν as (COO) and ν s (COO) is about 160 cm −1 and thus consistent with the bridging coordination mode for the acetate anion [22] . In compound 3, the occurrence of a broad strong band at 2000-2070 cm −1 indicates the presence of azido groups. Such higher wave numbers of the ν as (N 3 ) stretching is probably due to the presence of bridging azides [23] . The deformation mode of the azido ligand is observed as a weak band at 640 cm C NMR spectra of compounds indicate the existence of two groups of signals in the aliphatic (56 ppm) and aromatic (109-168 ppm) region. In the spectra of 1 and 2, a signal at 133 ppm was assigned to the carbon atom of the thiocyanate anion. Because of the low solubility of 3 in DMSO, signals related to the carbon atoms of the acetate anion were not visible. It is important to notice that the coordination polymers probably will no longer be present in solution and dissociation of the anions from the metal centers is possible in all cases (including 1 and 2) because DMSO is a strong ligand for Zn(II) and Cd(II).
Crystal and molecular structure of 1
The complex crystallizes in the monoclinic space group P2 1 /c with four molecules in the unit cell. The zinc atom is coordinated by four nitrogen atoms of two 4,4′-dmo-2,2′-bpy ligands and two nitrogen atoms of two thiocyanate anions giving a distorted octahedral geometry (Figs. 1 and 2). 4,4′-Dmo-2,2′-bpy acts as bidentate ligand forming a five-membered chelate ring with the Zn1 atom.
The average of all Zn-N bpy (bpy: any 2,2′-bipyridinebased bidentate and chelate ligand) bonds in 1 is 2.182 Å, which is longer than those of the Cambridge Structural database (CSD) average (2.129 Å), whereas the N bpy -Zn-N bpy angle of the chelate ring (74.54°) is smaller than in its analogs (average 77.19°). A study of the all 2,2′-bipyridine-based ligands chelated to the zinc atom in the CSD revealed that the pyridine rings of the ligands are not strictly coplanar but form the average dihedral angle between the planes of 7.20°. The average in 1 is calculated to be 1.83°, which shows that the ligands are almost planar. The angle between two coordinated thiocyanate groups is 93.53(8)°, proving the cis isomer which is comparable with the CSD average (92.01°). A side effect of this study is that there is no example for a trans-Zn(bpy) 2 X 2 complex as yet (bpy: any 2,2′-bipyridinebased chelate ligand, X: any monodentate ligand). distorted octahedral geometry is formed by four nitrogen atoms of two 4,4′-dmo-2,2′-bpy and two nitrogen atoms of two thiocyanate groups (Fig. 3) . The average of all Cd-N bpy bonds in 2 is 2.36 Å, which is comparable with the CSD average (2.350 Å), whereas the N bpy -Cd-N bpy angle (68.97°) is slightly smaller than the analogous average (70.08°). The coordination angle between two coordinated thiocyanate groups is 95.27(9)°, proving the cis isomer. The average for two bond angles of chelated rings (74.54° and 68.97° for 1 and 2) and N SCN -Cd-N SCN (93.53° and 95.27° for 1 and 2) in 1 and 2 are comparable to each other.
Crystal and molecular structure of 3
The crystal structure of 3 (Fig. 4) is a 1D coordination polymer expanding by two different bridges including Cd-O-C-O-Cd and Cd-N-Cd (Fig. 5) . The first bridge is formed by the acetate group and the other one by a terminal nitrogen atom of the azide ion. In this structure, there are four bridges around each cadmium ion including three azido and one acetato. A literature survey revealed that there are seven reported structures containing this motif [24] [25] [26] [27] [28] [29] , but our new structure is the first one in which the O-C-O bridge belongs to an acetate ion. In this structure, the environments around Cd2 and Cd3 are similar, whereas for Cd1 it is different. The geometry around Cd2 
Crystal and molecular structure of 2
Complex 2 crystallizes in the monoclinic system, space group P2 1 /c with four molecules in the unit cell. The structures of 1 and 2 are isotypic; hence they share the basic structural features. As a consequence, in 2 (Fig. 3 ) the geometry around the cadmium atom is similar to 1. The act as proton acceptors, whereas the carbon atoms of pyridine rings participate in hydrogen bonding as proton donors [30] . In addition to hydrogen bonds, the structural network is further stabilized by π-π stacking interactions between pyridine rings belonging to the adjacent complexes (centroid-centroid distance/angle between the planes being 3.643 Å/0.21° for 1, 3.634 Å/1.12° for 2, and 3.758 Å/11.14° for 3) [31] .
Conclusions
In this work, complexes of 4,4′-dimethoxy-2,2′-bipyridine ( 13 C NMR) and structural properties were investigated. In the infrared spectra of 1 and 2, the ν(CN) of thiocyanato ligand was appeard below 2100 cm −1 , proving the N-bonded mode. Spliting of it into two peaks indicates that there are two nonequivalent coordinated thiocyanate groups and hence cis coordination. The infrared spectrum of 3 showed a broad strong band at 2000-2070 cm −1 , confirming bridging azido groups. Two bands were shown at about 1600 and 1445 cm −1 which were assigned to ν as (COO) and ν s (COO), respectively, proving the bridging coordination mode for the acetate anion. In the crystal structure of 1, the zinc atom is coordinated by four nitrogen atoms of two 4,4′-dmo-2,2′-bpy ligands and two nitrogen atoms of two thiocyanato ligands and has distorted octahedral geometry. The geometry around the cadmium atom in 2 is similar with the same MN 6 environment. Other similarities such as crystal system, space group, and formula proved that the complex 2 is isostructural with 1. These data revealed that structures of 1 and 2 are isotypic. The crystal structure of 3 revealed a rare coordination polymer containing octahedrally coordinated cadmium(II) expanding in 1D by two different bridges including Cd-O-C-O-Cd and Cd-N-Cd.
Experimental

Materials and measurements
All chemicals were reagent grade and used without further purification. FT-IR spectra were collected on a Mattson 1000 spectrophotometer using KBr pellets in the range of 4000-450 cm and Cd3 involves two nitrogen atoms of a 4,4′-dmo-2,2′-bpy, three nitrogen atoms of three bridging azido, and one oxygen atom of an acetate ion in a distorted octahedron. This geometry is also observed for Cd1 by coordination of six nitrogen atoms, four from four azido ligands and two from a 4,4′-dmo-2,2′-bpy. The azido ligand coordinated bond length average of 2.35 Å with an angle of 107.31° in 3 is comparable with CSD averages (2.347 Å, 104.46°).
In the crystal networks of 1 (Fig. 2) and 2, there are intermolecular C-H···S and C-H···N interactions and also C-H···N and C-H···O in 3 (Fig. 5) . In this way the nitrogen, oxygen, and sulfur atoms of the pseudohalide ions performed using a Carlo ERBA model EA 1108 analyzer, whereas 1 H NMR and 13 C NMR spectra were obtained using a Bruker spectrometer at 250 and 62 MHz, respectively, in [D 6 ]DMSO. Melting points were determined with a Barnsted Electrothermal 9200 electrically heated apparatus.
Preparation of cis-[Zn(4,4′-dmo-2,2′-bpy) 2 (SCN) 2 ] (1)
4,4′-Dmo-2,2′-bpy (0.22 g, 1 mmol) was placed in one of the arms of a branched tube [32] , and zinc(II) acetate dihydrate (0.11 g, 0.5 mmol) and potassium thiocyanate (0.10 g, 1 mmol) were placed in the other arm. Ethanol and water in a ratio of 3:2 were carefully added to fill both arms. The tube was then sealed and the ligand-containing arm was immersed in a bath at 60°C, whereas the other was maintained at ambient temperature. After 1 day, crystals that were deposited in the cooler arm were filtered off, washed with mother liquid, and dried in air, yield: 0.18 g, 59%.
- Data were collected at room temperature with a Bruker APEX II CCD area detector diffractometer using MoK α radiation (λ = 0.71073 Å). Data collection, cell refinement, data reduction, and absorption corrections using multiscan methods were performed with Bruker software [33] [34] [35] . The structures were solved by Direct Methods using Sir2004 [36] . Non-hydrogen atoms were refined anisotropically by full-matrix least squares on F 2 using Shelxl-97 [37] . All hydrogen atoms were placed at calculated positions and constrained to ride on their parent atoms. Material for publication was prepared using Shelxtl [37] , Ortep-III [38, 39] , and Diamond [40] . The crystal data and structure refinement of the compounds are summarized in Table 1 . Selected bond lengths and angles are listed in Table 2 and hydrogen bond geometries in Table 3. CCDC 1441390, 1441397, and 1441398 for complexes 1-3, respectively, contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Supplementary information
Pictures of the FT-IR, 1 H and 13 C NMR spectra as well as the thermogravimetric analyses of complexes 1-3 are given as Supplmentary Information available online (DOI: 10.1515/ znb-2016-0083).
